Leishmania parasite infections, termed the leishmaniases, cause significant global infectious disease burden. The lifecycle of the parasite embodies three main stages that require precise coordination of gene regulation to survive environmental shifts between sandfly and mammalian hosts. Constitutive transcription in kinetoplastid parasites means that gene regulation is overwhelmingly reliant on post-transcriptional mechanisms, yet strikingly few 
Introduction
Leishmania spp. parasites are the causative agent of leishmaniasis, a neglected disease that represents the ninth largest global infectious disease burden [1] . These protozoa have a dixenous lifecycle that transitions between multiple promastigote stages in the sandfly vector . to the amastigote stage in the phagolysosomes of mammalian immune cells [2] . Distinct environmental conditions (pH, temperature, nutrient availability) serve as triggers for developmental events. For parasite lifecycle progression, both metacyclogenesis (procyclic to metacyclic promastigote) and amastigogenesis (metacyclic promastigote to amastigote) differentiation processes require tightly coordinated gene regulation [2] . To date, many ciselements but strikingly few trans-regulators have been implicated in Leishmania developmental progression [3] [4] [5] [6] [7] [8] [9] [10] [11] . The identification of Leishmania trans-regulators that bind mRNAs in a stage-specific manner lends vital insight into the cellular processes which promote and enable parasite survival.
Regulation of gene expression requires fine-tuned, coordinated mechanisms that respond to shifting environmental conditions. Kinetoplastid parasites rely almost exclusively upon posttranscriptional gene regulatory mechanisms due to their constitutive transcription of Pol IIdriven polycistronic gene arrays [2] . Accordingly, RNA binding proteins (RBPs) are overrepresented in the proteome of these organisms in line with their role as the primary gene regulators. Such trans-regulatory RBPs dynamically bind to mRNA forming ribonucleoprotein complexes (mRNPs) that regulate the trafficking and processing of mRNA molecules from synthesis to decay [12] . Environmental pressures stimulate swift changes in mRNP localization, composition and function that accelerate rates of mRNA translation, decay, or sequestration to intracellular granules in response [13] .
Previous large-scale isolations of mRNA-bound proteomes have identified candidate regulators in yeast, flies, mice, and humans [14, 15] . More recently, kinetoplastid parasite mRNP investigations yielded 155 RBPs in Trypanosoma brucei monomorphic bloodstream forms and 128 Leishmania donovani RBPs in axenic amastigote forms [16, 17] . These studies were refined in scope to only one lifecycle stage, yet importantly confirm that mRNA-bound factors in kinetoplastid cells include proteins without canonical RNA-binding motifs [14] [15] [16] [17] [18] .
Here we present the mRNA-bound as well as whole cell proteomes isolated from L.mexicana procyclic promastigote ('PCF'), metacyclic promastigote ('META') and amastigote ('AMA') stage parasites. We have identified over 1,400 mRNA bound proteins (RBPs) represented by at least two unique peptides in both UV-crosslinked (XL) and non-crosslinked (nonXL) samples, the XL samples being magnitudes higher in overall enrichment due to the covalent bonds strengthening interactions. The isolated mRNA-bound proteomes are differentially enriched and over 250 RBPs exhibit stage-specific expression. In addition, the whole cell proteomes of these stages were also quantitatively identified in triplicate for comparative use in this study and represent an essential resource for the Leishmania and eukaryotic research community. Of 8,144 predicted proteins, our analysis identified over 2,400 with at least 2 high quality unique peptides, of which nearly half fluctuate in expression levels throughout the lifecycle. Of interest, bioinformatics and biochemical analyses indicate only a minority of identified proteins display expression patterns similar to their encoding transcripts.
Furthermore, the expression of an mRNA binding protein does not correlate to RNA association. Importantly, these findings may implicate post-translational modifications in the fluctuations of RNA binding potential and relative stability of candidate trans-regulators as well as overall cellular translational capacity and activity.
Results

Isolation and validation of L.mexicana life cycle stages
For the study of the different mRNA binding proteomes (mRBPomes) during the L.mexicana lifecycle, 4 biological samples corresponding to the 3 main lifecycle stages were isolated and molecularly verified. These were low passage (< P3), M199 media culture-derived procyclic promastigotes ('PCF'), Grace's media culture-derived metacyclic promastigotes ('META'), 24 . hour post-infection (24hr pi) macrophage-derived amastigotes ('AMA(MØ)') and in vivo lesion-derived amastigotes ('AMA(LD)'; Fig 1A) . Parasite cells were validated for specific lifecycle stages using distinct molecular markers and biologically-distinguishing features including cell cycle replicative status, resistance to human serum lysis and marker gene expression (Fig 1B-D) . The cell cycle analysis of PCF cell cultures mid-log at 5x10 6 cells/ml showed high replication efficiency (S: 19%, G2/M: 35%), sensitivity to human serum incubation and heightened Histone h4 (h4) transcript expression ( Fig 1B, C and D) . We introduce Histone H4 (LmxM.36.0020) here as a novel transcript marker of PCF stage L.mexicana parasites, investigated due to its specific expression in sandfly-derived L.major PCF cells [19] . Stationary META form parasites were harvested at ~4x10 7 cells/ml 7 days post-incubation in Grace's media as described [20] and validated by reduced replication and protein synthesis [21] (S: 3%; G2/M: 19%), resistance to human complement lysis [22] and heightened expression of sherp transcript [23] (Fig 1B, C and D) . Intracellular amastigotestage parasites were isolated 24hr post-infection (24 h.p.i.) of cultured J774.2 macrophages, AMA(MØ), or from mouse rump lesions 4 months post-inoculation [24] , AMA(LD), with serum-resistant META cells and gradient-purified as described (Experimental Procedures) [6] . The 24 h.p.i. timing was selected as RNA levels are remodeled and differentiation into AMA(MØ) forms in the lysosomal environment is nearly complete [25] . Purified amastigotestage parasites were validated by electron microscopy (data not shown), heightened amastin (LmxM.08.0840) mRNA expression and cell cycle analysis that showed increased replication efficiency relative to META cells (Fig 1B and D) . Remarkably, FACS analysis of AMA (MØ) and AMA(LD) showed near-identical cell cycle profiles, intermediate between PCF and META replication efficiencies (Fig 1B) .
In vivo Capture of L.mexicana RBPs Fig 2A illustrates the procedure used to isolate the mRBPomes. Indeed, up to 91% of cells showed wildtype morphology post-UV crosslinking (XL) with a small portion of noncrosslinked (nonXL) parasites able to restore culture growth after 120s irradiation (Fig 2B) .
Thus, this length of UV-exposure was selected for the mRNA-interactome capture experiments, with the mRNA subsequently isolated as previously described [18] . All experimental conditions were optimized for large-scale harvests in order to isolate enough mRNA bound proteins (RBPs) for reliable, quantitative mass spectroscopy for each replicate.
To round these analyses, relative enrichment of the mRBPomes were compared to whole cell [26] [27] . The results show a negligible amplification of 18S rRNA relative to input and a substantial fraction of the nmt mRNA recovered after poly-A RNA isolation.
Whole cell and RNA-bound proteomes of the main Leishmania lifecycle stages
The captured RBP peptides were analysed by high-resolution mass spectrometry with a filter minimum of 2 unique peptides identified per protein and quantified using peptide precursor ion intensities (p ≤ 0.05). A total of 1,407 RBPs were identified in the XL samples (PCF, META, AMA(MØ), AMA(LD)) with 294 proteins significantly enriched at distinct stages, while 1,403 RBPs were isolated from the nonXL peptide samples (PCF, META, AMA(MØ)) with 216 proteins displaying stage-specific association (Fig 2A) . This number is consistent with current RBP numbers in other eukaryotic systems [15] . (Fig 2A) .
These data are available in Supplementary S1 Table. Confirming the integrity of our proteomes, principal component analysis (PCA) using relative protein quantification derived from unique peptide intensities was used to examine relatedness between the different biological samples and the variability among replicates (Fig 3A) . Notably, the triplicate proteomic samples cluster within discrete lifecycle stages for XL, nonXL and WC proteomes displaying low variance among replicates and reproducibility of the results (Fig 3A) . These The specificity of our RNA binding proteomes (XL, nonXL) relative to the whole cell [26] proteome are further confirmed by Gene Ontology (GO) term enrichment analyses which demonstrate that significantly-enriched terms (p ≤ 0.05) from the Molecular Function subset were reliably RNA-related; restricted to ribosomal components, RNA-binding and nucleic acid-binding with translation-related factors ranking somewhat less significantly (Fig 3B) . [28] . Accordingly, while the overall XL proteome is greatly enriched (≥ 10 fold) relative to the nonXL samples, the nonXL RBPome is enriched for RNA helicases which exhibit particularly strong binding in clamped conformation [29] . The fact the protein identities are overwhelmingly conserved between the XL and nonXL RBPomes supports the biological relevance of our results and deviates from previous kinetoplastid studies, which have used the nonXL samples as negative controls [16] . Refined UV-crosslinking combined with the high sensitivity of the Orbitrap Fusion TM mass spectrometry system enables a deeper, quantified identification of nonXL without competing with the more abundant XL RBPome. Importantly, running each sample independently, label-free and concurrently prevented peptide competition for ion labeling and signal quenching, enabling quantitative comparison despite the significantly higher overall intensities of the XL versus the nonXL mRBPome samples. We further verified the stringency of all mRNA harvests (WC, XL and nonXL) through the lack of contaminating rRNA levels ( Fig 1C) . Comparison between the predicted RBD-containing proteome of the L.mexicana genome (tritrypdb.org) and the isolated RBPome (XL) highlights some interesting distinctions ( Fig   4A) . A significant reduction of zinc-finger domain proteins is evident in the isolated RBPome;
Proteomic comparisons reveal stage-specific distinctions
with a 50% decrease in CCCH domain protein enrichment from 8% to 4%. This is consistent with the relative 'silence' of zinc finger proteins in mass spectroscopy. Supporting the specificity of our data, the mRBPomes isolated from the highly replicative PCF stage .
This led to a comprehensive examination of the previously observed phenomenon that
Leishmania spp. protein and mRNA levels do not closely correspond [7] . Given the scale of our proteomic results, we were able to use a GLM (Generalized Linear Model) of loess algorithm fit with a sliding window approach to visualize potential correlation between our WC (Purple) and XL (Green) proteomic data relative to published transcriptomic data [25] not correspond to proteomic data, except during the first hour of axenic amastigogenesis [7] .
Our data (Fig 5A) supports this finding albeit on a broader timescale than an hourly timecourse and in a different Leishmania species, suggesting this lack of correlation between mRNA and protein expression may be common to all Leishmania. Certainly transcript expression potentiates Leishmania protein expression and thereby provides useful insight into gene expression that would be prohibitively expensive and experimentally challenging to obtain on the proteomic level currently [19] .
Recently, there have been two RBPome studies in kinetoplastid parasites which isolated 128
RNA bound proteins from axenically-derived amastigote stage (AXA) L.donovani [17] , and 155 RBPs from T.brucei monomorphic slender bloodstream form (BSF) parasites [16] . These 
Experimental Procedures Parasite culture and purification
Early passage (P2-P3) PCF forms of L. mexicana strain M379 (MNYC/BZ/62/M379) were isolated from log phase (3-6e 6 cells/mL) in M199 medium (pH 7.2) at 26°C [34] . METAenriched cultures were generated as previously described [20] . Briefly, PCF forms innoculated Grace's media (10% hiFCS, 1% Pen/Strep, 1X BME vitamins, pH 5.5) at 1.5x10 5 cells/ml and cultured for 7 days at 26°C. For J774.2 macrophage (MØ; (Sigma)) infection assays, META-enriched cultures were isolated via resistance to complement-mediated lysis in 20% human serum (Sigma) for 30min at 37°C and validated via sherp expression [21, 23] .
Validated META parasites were centrifuged and resuspended in complete DMEM medium (10% hiFCS, 1% Penicillin/Streptomycin, 2mM L-glutamine) and used to infect J774.2 MØ cultures at a 15:1 parasite/MØ ratio (1.25x10 7 MØ/plate) for 6h at 34ºC prior to washing 3X with prewarmed PBS, incubation in DMEM medium at 34ºC for 18h, UV irradiation (or not), disruption of MØs and isolation of 24h post-infection (pi) intracellular amastigote forms (AMA(MØ)) using either a 45% Percoll or sucrose gradient as described [6] .
Mice infections
To isolate AMA(LD) parasites in vivo, 1x10 7 serum-treated META L.mexicana cells were injected in rumps of 8-12 week old Balb/c mice (Charles River, UK). After 4 months the mice were sacrificed and the lesions harvested as described [6, 24] . For ethical reasons, AMA(LD)
were harvested only for XL mRNP samples.
Isolation of Leishmania mRNA-bound proteomes
For the mRNA interactome capture experiments, all conditions were equivalent for the Leishmania lifecycle forms PCF, META, AMA(MØ) and AMA(LD) between XL and nonXL samples except the irradiation. In vivo UV-crosslinking was performed using the LT40 "Minitron" system (UV03 Ltd.) [28] . Cells at 5x10 6 cells/ml confluence (~0.6 OD) were irradiated for 120s (Fig 2B; ~1.6 mJ/cm 2 ) for optimal in vivo RBP:RNA (mRNP) crosslinking with superior mRNA integrity and negligible heat stress compared to a standard Stratalinker which exposes the cells to 100X the heat (~150 mJ/cm 2 ) [28] . Both AMA(MØ) and AMA (LD)
were irradiated in host MØs, which were then homogenized to release parasites for gradient purification as above.
Triplicate samples of ~5x10 9 cells of each lifecycle stage (XL and nonXL) were resuspended in 15ml Lysis buffer [35] (20mM Tris-HCl, pH7.5, 500 mM LiCl, 0.5% LDS, 1mM EDTA and 5mM DTT with cOmplete EDTA-free Protease Inhibitors TM (Roche)) for 10min at 0ºC, passed through a 25G needle until clear, centrifuged 10min at 4000g and incubated with oligo(dT) 25 beads 30min at 4°C (New England Biolabs). Remaining steps for polyA RNA isolation were performed as described [18] . mRNA-bound proteins were precipitated via TCA precipitation, and the resulting protein concentration measured using Micro BCA Protein assay kit (Thermo).
Label-free Quantitative Mass Spectrometry Analysis
Trypsin Digestion. Triplicate biological samples were solubilised in NuPAGE LDS sample buffer (Life Technologies), heated at 70ºC for 10min and ran on a 7cm NuPAGE Novex 10%
Bis-Tris gel (Life Technologies) at 200 V for 6min. Gels were stained with SafeBLUE protein stain (NBS biologicals) for 1hr before destaining with ultrapure water for 1hr. In-gel tryptic digestion was performed after reduction with dithioerythritol and S-carbamidomethylation with 
Fusion PCR and endogenous 3xHA tagging of N-termini
For the generation of 3xHA N-tagged cell lines, the original modular pPOTv2 vector (Dyer et al. 2016) was modified. The Ty-GFP-Ty tag was excised (HindIII/BamHI) and replaced by a 3xHA tag. Fusion PCR was performed as previously described. For transfections, 2x10 7 PCF cells were resuspended in Tb-BSF buffer (100µl) and transfected [36] . The parasites were selected with 10µg/ml Blasticidin (Sigma).
RNA co-immunoprecipitation and qRTPCR
HA-tagged RBPs were immunoprecipitated from PCF or META lysates with anti-HA magnetic beads (Thermo) co-immunoprecipitated RNA were extracted and measured via qRTPCR using SuperScript IV Reverse Transcriptase, Fast SYBR Green Master Mix and Quantstudio 3 PCR System (Thermo Fisher) as previously described [35] . Relative levels of qRTPCRs were calculated via 2 -ΔΔCt using nmt as a constitutive control [27] .
For the mRNA-bound capture experiment, the quality of the results was measured using depleted (18S ribosomal gene) and non-depleted (nmt) relative mRNA values before and after oligo(dT) 25 -labeled magnetic bead purification. The relative levels were measured using the 2 -ΔCt method, using total RNA from samples prior to mRNA purification as a reference.
The full list of primers used is provided in Supplementary S3 Table.
Western blot and protein expression
The different lifecycle stages of 3xHA endogenously tagged cell lines were grown and purified as described above. Parasites were lysed in Laemmli buffer and samples separated by SDS-PAGE, transferred to PVDF, labeled with anti-HA (1:10,000, Pierce) and anti-mouse IgG-HRP (1:50,000, Sigma) and developed using ECL (GE Healthcare). Relative protein expression was quantified using ImageJ software.
Data Analysis
Peak lists in .raw format were imported into Progenesis QI and LC-MS runs aligned to the common sample pool. Precursor ion intensities were normalised against total intensity for each acquisition. A combined peak list was exported in .mgf format for database searching against L.mexicana sequences appended with common proteomic contaminants (8, 365 sequences). MascotDaemon (version 2. Gene Ontology term analysis. Molecular Function GO Terms significantly enriched in the isolated mRBPome relative to the predicted L.mexicana proteome were derived using Tritrypdb.org (04.2017) [37] . REVIGO software was used to refine and visualize enriched terms (revigo.irb.hr) [38] .
Volcano plots. Volcano plots were generated in Python 2.7 using Matplotlib v. Genes obtained from the WC proteome were then compared to transcripts previously found to be differentially expressed between AMA(MØ) and promastigote log stages [25] .
Intersecting genes between both datasets were then plotted against each other, using the ggplot2 R package, and the regressions fitted in Fig 5A were modeled based on a loess linear model that derive the statistics in Table 1 below. (Fig 5B) .
Following from this, the expression values from the proteomics data were then compared for each life cycle stage in both XL and WC conditions. As before, the intensity values were averaged between replicates, and were plotted using ggplot2, however these were instead fit with a simple linear regression model, as a loess model did not improve the fit to the data.
Experimental Design and Statistical Rationale
Biological triplicates of each proteome sample (WC, XL and nonXL) at all stages (PCF, META, AMA (Mø) and AMA(LD)) were quantitatively assessed for peptide ion enrichment.
Data were searched against the TriTrypDB Leishmania mexicana proteome (version 8. Identification descriptions are approximate and predominantly homology-based as the overwhelming majority of factors are uncharacterized in this system. Table S2 . Label-free Quantification Summary. Columns headed Normalized Intensity list summed MS 1 peak areas extracted from nonconflicting peptides post normalisation against total ion intensity. Statistical analyses are as in Table S1 . Table S3 . Primers used in experimental procedures.
